Abstract. The effects of growing and storage locations and storage temperature on soft scald incidence of 'Honeycrisp apples were ex am ined. In 1999 and 2000, fruits were produced at five different locations, harvested at two different times, and stored at two or five dif fer ent storage locations. In 1999, fruits were stored at 0 or 2 °C. Soft scald was only observed in fruits from one growing location and primarily at 0 °C. More soft scald was observed from the second harvest than from the first. Scalded fruits were preclimacteric as determined by ethylene pro duc tion rate, whereas fruits from the other locations were postclimacteric. In 2000, fruits from four of the growing locations de vel oped soft scald, and soft scald incidence was not related to ethylene production rate. Scalded fruits had higher concentrations of phos pho rus, boron, and magnesium, and low er con cen tra tions of manganese than unaffected fruit. Development of soft scald was not re lat ed to fruit ethylene pro duc tion rates, was dependent on growing location, increased with later har vest, and may be re lat ed to fruit el e men tal content.
and underlying flesh (Snowdon, 1990) . It of ten occurs as a brown band on the skin, hence is also known as "ribbon scald" or "deep scald." Susceptibility of fruit to this disorder varies among cultivars, within trees in an orchard, and between seasons (Hopkirk and Wills, 1981) . Apple cultivars susceptible to this disorder include 'Fuji (Fan et al., 1999) , Jonathan (Wills, 1973) , 'Golden Delicious , and 'Delicious (Snowdon, 1990) . Development of injury may be worsened by late harvest (Gerhardt and Sainsbury, 1952) .
Although much work has been done on factors involved in causing the more common disorder, superficial scald (Emonger et al., 1994) , little is known about causes of soft scald. Wills (1973) found that tissue hexanol levels could provide an indication of the suscep ti bil i ty of fruit to this disorder. Fruits with soft scald contained less linoleic acid than unaffected fruits (Hopkirk and Wills, 1981) , and the disorder can be alleviated by applying methyl linoleate or diphenylamine (Wills et al., 1977) .
Incidence of soft scald in 'Honeycrisp has occasionally caused severe fruit losses in sev er al North American grow ing regions (un pub lished data) and could erode confidence in the cultivar. The disorder was not observed during selection of the cultivar in Minnesota; thus, an interesting question arose as to how incidence of the disorder could be affected by growing region and harvest date. Five locations in the United States were se lect ed to test the hy poth e sis that soft scald susceptibility was related to climatic con di tions.
Materials and Methods
Plant material. This study was per formed using fruits harvested in 1999 and 2000. In 1999, 'Honeycrisp fruits were ob tained from commercial orchards in New York (lat. 41°45´ N), Washington (lat. 46°12´N), and uni ver si ty orchards in Massachusetts (lat. 42°44´N), Michigan (lat. 42°44´N), and Minnesota (lat. 45°52´N). There were two harvests per location, with the first harvest occurring at the commercially "acceptable" time for each re gion. Indices of commercial acceptability are still being developed because this cultivar is relatively new. Therefore, har vest maturity of the fruit differed from lo ca tion to location, and was determined by eth yl ene production rates. Ethylene production rates were used instead of starch indices, as eth yl ene production rates are an objective measure of physiological maturity, and preclimacteric and climacteric 'Honeycrisp fruits can have similar starch index numbers. The second har vest took place 2 weeks after the first. Due to an extensive preharvest drop of fruit in the New York orchard used in 1999, only one harvest was completed.
In 2000, fruits from Massachusetts and Michigan were picked when green and preclimacteric. Fruits from the other three locations were harvested when climacteric. Fruits from Wash. were obtained from a different orchard (lat. 47°37´N) than that used in 1999. Fruits in N.Y. were obtained from the Champlain re gion (44°41´N) where most New York 'Honeycrisp plantings are located.
Shipping, storage, and evaluation. In 1999, half of the fruits from each growing location were shipped via overnight air ex press to each of the other locations for storage. Unshipped fruits were held at room tem per a ture at each growing location for 24 h prior to cold storage. This was done so that fruit at orig i nat ing locations were put into cold storage at approximately the same time as shipped fruits. Fruits were stored for at least 3 months at 0 or 2 °C, temperatures com mon ly used in dus tri al ly for apple storage, in cardboard boxes without plastic liners.
In 2000, fruits were stored only in Minnesota, but at two different locations. This was done to decrease the amount of fruits needed for the experiment while allowing for rep li ca tion of storage location. Two cartons of fruits from each harvest at Massachusetts, Michigan, New York, and Washington were shipped via overnight air express to Minnesota. One carton was stored at the Uni v. of Minnesota campus in St. Paul, and the other carton at the Horticulture Research Cen ter in Chanhassen. All fruits were stored for at least 3 months at 0 °C in cardboard boxes without plastic liners. Fruits from Minnesota were also 'Honeycrisp is a relatively new apple culti var that has been released by the Minnesota Agricultural Experiment Station (Luby and Bedford, 1992) . 'Honeycrisp fruit remain crisp for up to 6 months in cold storage, and con sum ers like the fruit texture and flavor (Tong et al., 1999) . Positive grower and consumer ac cep tance has led to extensive plantings in the United States, with 950,000 trees planted as of Jan. 2001 (unpublished data). Of con cern to the North American apple industry, however, have been reports of the erratic occur rence within 3 months of storage of the physiological disorder, soft scald.
Soft scald is a low temperature stor age disorder that results in browning of the skin stored at both locations. Each cooler con tained only apples.
Ethylene production rates were mea sured at harvest at each growing location and upon arrival in St. Paul. Only arrival data are re port ed because ethylene production rates upon arrival were similar to those at harvest. In St. Paul, 10 fruits were randomly chosen from a shipment, and placed into gastight jars, one fruit per jar. Ethylene was measured using a static system as described by Plank and Tong (1997) . In 1999, fruits were evaluated once a month for incidence of soft scald. In 2000, fruits were evaluated only after 3 months of storage.
Elemental analyses. Three fruits with soft scald and three unaffected fruits from each of three growing locations and each stor age loca tion were collected in 2000 after 3 months of storage, providing three replicates per grow ing location and storage location. About 200 g of tissue, including skin and flesh but excluding core tissue, from each fruit was cut off with a knife. In fruits with soft scald, the samples included the band of af fect ed tissue to a depth of 1-2 cm. In control fruits where there was no soft scald, com pa ra ble parts of the apples were sampled. The samples were freeze-dried, then ground with a mortar and pestle. Individual samples were analyzed separately for el e men tal content (P, K, Ca, Mg, Mn, Al, Fe, Na, Zn, Cu, B, Pb, Ni, Cr, and Cd). Concentrations of elements were determined using inductively coupled plasma (ICP) emission spectroscopy (Munter and Grand, 1981) . Average con centra tions from the three replicates of each grow ing location and storage location were used for statistical analyses.
Statistical analyses. In 1999, the ex per imen tal design was completely ran dom ized. Data were analyzed using the GLM pro ce dure of SAS (SAS Institute, Cary, N.C.). The experimental design for 2000 was an in com plete nested split-plot, with storage lo ca tions as main plots and growing locations as sub plots. Data were analyzed using the unweighted least squares linear regression procedure of Statistix. Scald was regressed against growing locations, harvest date, and ethylene pro duc tion. Elemental data were an a lyzed using the univariate analysis of variance procedure of SPSS. Mean separations were done using least square differences, with P = 0.05.
Results and Discussion
1999 study. In 1999, storage lo ca tion, har vest date, and storage time (duration) had highly significant effects on soft scald in ci dence (Table 1) . Soft scald was mainly ob served in fruits originating from Michigan and was greater for fruits from the second harvest than the first. Therefore, for clarity, only data on Michigan-grown apples from the second harvest are shown in Table 1 . No soft scald was observed in fruits originating from Massachusetts, New York, or Washington. The major difference between fruits grown in Michigan and elsewhere was that the Michigan-grown fruits were preclimacteric at the first harvest (Table 2) , while the other fruits were climacteric. Incidence of soft scald was lessened, but not totally alleviated, with 2 °C storage.
Seventeen percent soft scald was observed for Michigan-grown fruits from the first harvest stored in Washington. Also, soft scald was observed in Minnesota-grown fruits from the second harvest, but only when stored in Minnesota, at levels of 3%, 5%, and 5% at 1, 2, and 3 months at 0 °C, respectively. This may have occurred because, unlike fruits from other growing locations, the Minnesota-grown fruits were placed directly into cold storage in Minnesota following harvest, which did not mimic tem per a tures, presumably warmer than 0 °C, during transit to the other locations.
Initially, because soft scald had not been observed in Minnesota-grown 'Honeycrisp fruits, but reported for fruits from other re gions of the United States, it was thought that soft scald incidence might be related to cli mat ic conditions, and that Minnesota would have significantly colder mean fruiting season (March-October) temperatures than the other states. However, a comparison of mean fruit ing season temperatures as reported by Na tion al Weather Service Cooperative Sta tions near the orchards at different growing lo ca tions suggest that mean temperatures, mean minimum temperatures, and mean maximum temperatures are unrelated to soft scald de vel op ment. For example, the mean monthly tem per a tures, mean minimum temperatures, and mean maximum temperatures in 1999 for the fruiting season (March-30 Sept.) near the Massachusetts and Michigan orchards were the same: 15.4, 8.6, and 22.3 °C, respectively. How ev er, the Michigan fruit developed soft scald and the Massachusetts fruit did not. Also, Minnesota mean monthly temperatures, mean minimum tem per a tures, and mean maximum temperatures for the same period were 14.7, 9.4, and 20 °C, respectively, not much lower than those in Massachusetts and Michigan.
2000 study. In 2000, fruits from Massachusetts and Michigan were purposely harvested at the preclimacteric stage to test the hypothesis that immature fruit were more susceptible to soft scald. Soft scald was observed in fruits from Michigan, New York, and Washington (Table 3) . No or little soft scald was observed in fruits from Massachusetts and Minnesota, except for fruits from the first harvest in Minnesota stored in Chanhassen.
Fruit maturity alone does not seem to explain soft scald incidence because fruits from both Massachusetts and Michigan were harvested when preclimacteric. Linear regression anal y ses showed that harvest date, but not fruit maturity as determined by ethylene pro duc tion rate, had a significant effect on soft scald incidence (Table 3 ). The effect of harvest date was ev i dent in increased soft scald incidence in fruits from the second harvest compared to those from the first harvest for most growing lo ca tions.
Surprisingly, in 1999 soft scald was not observed in Michigan-grown fruits stored in Michigan. It was thought that because the Mich i gan-grown fruits were preclimacteric, they were more susceptible to soft scald. However, the 2000 data showed that this is not true, as preclimacteric Massachusettsgrown fruits did not develop soft scald. We do not have an explanation for why soft scald was not ob served in Michigan-grown fruits stored in Michigan but observed at the other storage locations in 1999. Although shipping conditions and slight variations among storage conditions at the different locations may explain differences in percentages of soft scald incidence observed, they cannot explain why no soft scald was observed in Michigan-grown fruits stored in Michigan in 1999.
Elemental analyses. In 1999, we observed that fruits developing soft scald did not usually develop bitter pit, a physiological disorder linked to calcium deficiency. There fore, we decided to measure levels of elements in soft scalded fruits. Of all the elements measured by ICP, significant differences were observed in concentrations of phosphorus, boron, magne sium, and manganese between unaffected fruit tissue and those with soft scald (Table  4) . Scalded fruit tissue had higher concentrations of phosphorus, boron, and magnesium, and lower concentrations of man ga nese than un af fect ed tissue. Unlike su per ficial scald (Johnson, 2000) , there was no dif fer ence in calcium content. There were also sig nificant effects due to growing location, but not due to storage location. Our study verifies anecdoctal re ports that 'Honeycrisp fruits can develop soft scald in storage. Our data suggest that soft scald in cidence is orchard-specific. More soft scald was observed both years in fruits from the later harvest compared to the first. How ev er, fruit maturity, as measured by ethylene production rate, did not have a significant effect on soft scald incidence. Fruits from the second har vest were only 2 weeks older than those from the first harvest, suggesting that changes oc cur ring in the fruits while still on the tree must lead to soft scald susceptibility. There are no previous reports on elemental content related to soft scald. It is not known whether the dif fer enc es in elemental content between un af fect ed and scalded fruits occur prior to or during storage because elemental content was mea sured in fruits at the end of storage and not at harvest. Perhaps other factors, such as crop ping load and soil fertility, affect soft scald suscep ti bil i ty. Rootstock is another factor that may play a role, however, not by itself. The 1999 New York apples were obtained from trees on M.26 rootstock and did not develop soft scald, while the 2000 New York apples, also from trees on M.26 rootstock, did. No one factor alone, but rather a combination of factors may determine soft scald susceptibility. Future research is needed to determine whether there is a nu tri tion al component to soft scald susceptibility, and if other factors interact to produce soft scald.
